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a b s t r a c t
An Individual Based Model (IBM), coupled with a hydrodynamic model (ROMS), was used to investigate
the spawning strategies and larval survival of the Brazilian Sardine in the South Brazil Bight (SBB). ROMS
solutions were compared with satellite and ﬁeld data to assess their representation of the physical
environment. Two spawning experiments were performed for the summer along six years, coincident
with ichthyoplankton survey cruises. In the ﬁrst one, eggs were released in spawning habitats inferred
from a spatial model. The second experiment simulated a random spawning to test the null hypothesis
that there are no preferred spawning sites. Releasing eggs in the predeﬁned spawning habitats increases
larval survival, suggesting that the central-southern part of the SBB is more suitable for larvae develop-
ment because of its thermodynamic characteristics. The Brazilian sardine is also capable of exploring
suitable areas for spawning, according to the interannual variability of the SBB. The inﬂuence of water
temperature, the presence of Cape Frio upwelling, and surface circulation on the spawning process
was tested. The Cape Frio upwelling plays an important role in the modulation of Brazilian sardine
spawning zones over SBB because of its lower than average water temperature. This has a direct inﬂuence
on larval survival and on the interannual variability of the Brazilian sardine spawning process. The
hydrodynamic condition is crucial in determining the central-southern part of SBB as the most suitable
place for spawning because it enhances simulated coastal retention of larvae.
 2014 Elsevier Ltd. All rights reserved.
Introduction
The Brazilian sardine (Sardinella brasiliensis) is a small pelagic
ﬁsh species (PFS) with coastal habits, being the most abundant
species in Brazilian waters and constitutes an important ﬁsheries
resource in the country (Katsuragawa et al., 2006). The Brazilian
sardine distribution is conﬁned to the South Brazil Bight (SBB), a
highly productive marine ecosystem in the southwestern South
Atlantic (Fig. 1). The SBB’s productivity is inﬂuenced by the austral
summer coastal upwelling of the cold (T < 20 C) and less saline
(S < 36.4) South Atlantic Central Water (SACW), which increases
nutrient concentration and primary production. The main forcing
mechanism of coastal upwelling is the northeast wind that pre-
dominates during the summer and induces an offshore Ekman
transport. Other important forcing agents of this upwelling are
the abrupt change in coastline geometry (from a north–south to
an east–west orientation) and bottom topography (Rodrigues and
Lorenzetti, 2001).
The PFSs have a short life cycle, rapid growth and high natural
mortality rates, which make the stock size highly dependent on
recruitment. Their ﬁshery dynamics is known to undergo alternat-
ing periods of increased production followed by strong declines
(Barange et al., 2009). Indeed, the Brazilian sardine commercial
catches have suffered marked ﬂuctuations from year to year since
1970s, and showed a signiﬁcant decline in 1990s. It has been sug-
gested that this decline is related to overﬁshing of the Brazilian
sardine population (Cergole et al., 2002). However, some studies
showed that, besides overﬁshing, the interannual variation of the
Brazilian sardine landings may be partially related to climate pat-
terns and the thermodynamic control of the ocean–atmosphere
system (Bakun and Parrish, 1990; Jablonski and Legey, 2004; Gig-
liotti et al., 2010; Soares et al., 2011).
The inﬂuence of environmental conditions on the dynamics of
marine ﬁsh populations has been largely discussed, especially the
mechanisms involved in ichthyoplankton dispersal (Fogarty,
1993; Myers et al., 1999; Brochier et al., 2008a,b; Gigliotti et al.,
2010; Brochier et al., 2011; Moraes et al., 2012). The classical
http://dx.doi.org/10.1016/j.pocean.2014.03.009
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theory states that the abundance of eggs and larvae and their
survival rates have a direct inﬂuence on the number of adults.
Failures in recruitment are generally associated to the lack or
absence of food in critical periods of larval development, as well
as the transport of eggs and larvae to inappropriate zones for sur-
vival (Cury et al., 2008). Therefore, the distribution and abundance
of egg and larvae are inﬂuenced by ocean and atmospheric
processes acting in different spatial and temporal scales. These
mechanisms can be investigated with the use of physical-biological
approaches, such as individual-based models (IBM). The use of
IBM’s also allows the testing of ecological hypotheses that incorpo-
rate biological variables and the physical environment in a more
realistic way. This modeling strategy takes into account the
characteristics of each individual to simulate their trajectory and
the physical conditions of the environment in which the individu-
als are moving (Miller, 2007). Their solutions must, therefore, be
realistic and should be resolved in scales that allow the represen-
tation of relevant biological processes, such as spawning and larvae
aggregation.
Few studies have attempted to establish the relationships
between oceanic and atmospheric conditions to the interannual
variability of Brazilian sardine commercial catches (Cergole et al.,
2002; Jablonski and Legey, 2004; Paes and Moraes, 2007; Soares
et al., 2011). Recently, Gigliotti et al. (2010) characterized the
spawning habitats based on the probability of egg occurrence;
Moraes et al. (2012) described the spatial structure of Brazilian
sardine eggs and larvae and their relation to the physical environ-
ment. Their results show that, over the years, the spawning areas
can expand or contract following the interannual variability of
Sea Surface Temperature (SST) anomalies over the SBB.
In this research, we test the hypothesis that the Brazilian
sardine conﬁnement in the SBB is the result of surface circulation
during the spawning period, inﬂuencing coastal retention. We also
hypothesize that the central and southern portions of the SBB are
the most suitable spawning zones due to surface circulation and
thermodynamic characteristics of the shelf waters. For this pur-
pose, we have used an IBM forced by a regional hydrodynamic
model to simulate the spawning process and the impact of ocean
circulation on the dispersal of Brazilian sardine eggs and larvae.
For the ﬁrst time, physical and biological processes are modeled
to understand the spawning strategies of the Brazilian sardine, that
will help understand the processes behind the abrupt changes in
stock biomass of this important ﬁsheries resource.
The paper is organized as follows. ‘Methods’ describes the mod-
els used and the experiments performed, as well as the statistics
employed in the analyses. ‘Results’ shows the main results and in-
cludes: the hydrodynamic model solutions and comparisons with
satellite and ﬁeld data (Solutions of the ROMS model); and a
description of the spatial distribution of larvae (in situ vs simu-
lated), the spawning strategies and the interannual variability of
the dispersion scenarios (Biological model). ‘Discussion’ discuss
the performance and limitations of the physical and biological
models (Performance and limitations of the models); the efﬁciency
of simulated spawning strategies, in terms of larval survival rates
(Spatial strategies of sardine spawning); and, the relation between
the modeled physical characteristics and larval survival (Physical
characteristics of SBB and their relation to survival of larvae).
Finally, ‘Conclusion’ synthesizes the main scientiﬁc ﬁndings.
Methods
Hydrodynamic simulations
The Regional Ocean Modeling System (ROMS) was conﬁgured
for the SBB with a grid domain from 20S to 30S and 40W to
50W, a horizontal resolution of 1/12 (approximately 9.2 km)
and a vertical discretization of 30 sigma levels. ROMS is a tridimen-
sional, free surface and terrain-following vertical-coordinate ocean
model, which resolves the Navier–Stokes equations by using Rey-
nolds mean, Boussinesq approximation and hydrostatic vertical
momentum balance (Shchepetkin and McWilliams, 2005). The
model was forced by long and shortwave radiation surface ﬂuxes,
precipitation, atmospheric pressure, relative humidity, air surface
temperature and wind velocity at 10 m, obtained from the Climate
Forecast System Reanalysis (CFSR) dataset (Saha et al., 2010). The
open boundaries (east and south) were forced using temperature,
salinity, current velocities and sea surface height monthly means
obtained from Simple Ocean Data Assimilation (SODA) (Carton
and Giese, 2008). This ROMSconﬁguration was chosen for an
optimal representation of mesoscale phenomena, such as eddies
and fronts. First, a spin up experiment was run for 15 years
Fig. 1. South-Eastern Brazilian Shelf (SBB) and the release zones used in the experiments performed: RZR, random spawning along the coast (A), and RZP, with spawning in
release zones (B). The grey levels indicate the kernel density of the eggs released in each experiment.
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(1980–1995) and the last month was used as the initial condition
for the main experiment. This was carried out for 27 years
(1980–2007) and monthly means of temperature, salinity, current
velocities and sea surface height (SSH) were extracted. Hourly
model outputs were also stored to be used in the egg and larvae
advection experiments (see ‘Individual-based model and simula-
tions’ for details).
Individual-based model and simulations
The modeling platform Ichthyop (Lett et al., 2008) was used to
track the sardine larvae trajectories and survival. This IBM is a
model coded in JAVA freely available from the website http://
www.brest.ird.fr/ressources/ichthyop/. It was developed as a tool
to investigate how the physical and biological factors, such as oce-
anic currents, water temperature and salinity, egg buoyancy and
mortality, affect the ichthyoplankton dynamics. It was forced by
hourly-averaged ROMS outputs of temperature, salinity and cur-
rent velocities.
Two experiments were conducted with the IBM using different
release zones: RZR, in which eggs were randomly released along
the SBB, in surface waters shallower than 100 m (Fig. 1A); and
RZP, with ﬁve spawning zones representing spawning habitats
(Fig. 1B), according to a map of egg presence probability (for
p > 0.5), calculated from indicative krigging of in situ data. For a de-
tailed description of the method we refer the reader to Gigliotti
et al. (2010). In the latter, eggs were randomly released within each
spawning area. Table 1 shows the area codes, their locations and
their latitude and longitude limits. Experiments were conducted
for six different years (1980, 1981, 1988, 1991, 1992 and 1993),
matching the dates of ichthyoplankton survey cruises described
in Matsuura (1998) and used by Gigliotti et al. (2010). For each
year, 10,000 eggs were randomly released in the top 30 m of the
water column between December and January, with dates match-
ing the ﬁrst day of cruises (Table 2). Note that this ﬁgure is not in-
tended to represent a realistic amount of oocytes spawned in
nature but rather offer a testable representation of potential dis-
persal paths and relative performance of contrasting spawning
strategies. Individuals were tracked in space and time for 45 days,
after which larvae are considered as pre-juveniles (Yoneda, 1987).
During this period of time larvae are not expected to be active
swimmers, showing only vertical migration. The biological param-
eters considered in the experiments are: (1) advection and diffu-
sive horizontal movements; (2) Vertical movement for eggs due
to buoyancy; (3) larval diel vertical migration (DVM); (4) Mortality
by advection when larvae reach areas with depths greater than
200 m; and (5) death by lethal temperature (below 17 C).
The advective horizontal movement used a Forward Euler
scheme, based on zonal and meridional horizontal components of
velocities (u and v), following Eqs. (1) and (2):
xptþDt ¼ xpt þ uDt ð1Þ
yptþDt ¼ ypt þ vDt ð2Þ
where xp, yp: horizontal position of the particle (m); u, v: zonal and
meridional components of currents velocities (m s1); Dt: time step
(s).
The diffusive horizontal movement (Eqs. (3) and (4)) is accom-
plished based on the lagrangian coefﬁcient of horizontal diffusivity,
which is a function of the turbulent dissipation rate and the grid
cell size (Eq. (5)), and a random factor, obtained from the Marsenne
Twister random number generator, responsible for introducing a
certain randomness to the trajectories (Peliz et al., 2007). The tur-
bulent dissipation rate value used here is similar to a typical envi-
ronment located at 20 m depth, under a 6–7 m s1 wind velocity
(e = 7.4  108 m2 s3; MacKenzie and Leggett, 1993; MacKenzie
and Kiørboe, 1995):
dx ¼ Rx
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DtKh
p
ð3Þ
dy ¼ Ry
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DtKh
p
ð4Þ
Kh ¼ e1=3l4=3 ð5Þ
where dx, dy: horizontal displacement of the particle, zonal and
meridional; Rx, Ry: random number generate by Marsenne Twister
method, between [1;1]; Kh: lagrangian coefﬁcient of horizontal
diffusion (m3 s3); l: grid cell size (m); e: turbulent dissipation rate
(m2 s3). We used 109 m2 s3, as suggested by Peliz et al. (2007).
The vertical movement of eggs is related to their buoyancy, cal-
culated form a vertical velocity for prolate spheroids following Eq.
(6), which is a function of the gravitational force, sea water and egg
densities, water molecular viscosity and the minor and major axes
of prolate spheroids (Parada and Van der Lingen, 2003). The verti-
cal movement of larvae is based on the DVM, which initiates two
days after hatching, when the larvae gains motility (Yoneda,
1987). The larvae are positioned at 5 m depth during nighttime
and at 30 m during the rest of the day (Kurtz and Matsuura,
2001). This instantaneous depth change correponds to a vertical
speed of under 7 mm s1.
Dw ¼ 1
24
gd2
qp  qw
qw
 
1
v
 
ln
2l
d
þ 1
2
 
ð6Þ
where Dw: vertical velocity due to egg buoyancy (cm s1); g: grav-
itational acceleration (cm s2); d, l: minor and major axes of the
prolate spheroid (cm); qp: egg density (g cm3); qw: sea water den-
sity (g cm3); v: water molecular viscosity (g cm1 s1).
This Ichthyop model considers two sources of mortality: one is
related to lethal water temperature, where the individuals are con-
sidered dead if they experience water temperatures <17 C (for
eggs) and <16.5 C (for larvae) (Kurtz, 1999); the other is related
to loss by advection, which occurs when larvae are located in areas
deeper than 200 m or out of the model domain by the end of sim-
ulation. Beyond this depth limit larvae tend to die by starvation
(Cergole and Valentini, 1994; Saccardo and Rossi-Wongtchowski,
1991). Finally, the larval survival rate was calculated relative to
the total number of individuals released excluding the individuals
that died by temperature or were advected offshore.
Table 1
Spawning zones on RZP experiment.
RZP
name
Location Latitude limits Longitude limits
RZP1 Off Santa Marta Cape 27S to 27.7S 47.2W to 47.7W
RZP2 Between Florianópolis (SC)
and Paranaguá (PR)
25S to 27S 47.5W to 48.8W
RZP3 São Sebastião (SP) 23.8S to 24.8S 45.7W to 46.1W
RZP4 Rio de Janeiro (RJ) 23S to 24S 43W to 44W
RZP5 Cape Frio (RJ) 22.8S to 23.8S 41.7W to 42.2W
Table 2
Spawning dates.
Year of reference Release dates
1980 January 17, 1980
1981 January 16, 1981
1988 January 13, 1988
1991 December 28, 1990
1992 December 08, 1991
1993 January 09, 1993
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Comparison between model and observation
Seasonal means from monthly SST derived from ROMS were
compared with AVHRR satellite data (Kilpatrick et al., 2001) for
the period between 1982 and 2007. Monthly mean water surface
elevation (zeta) for the 1993 to 2007 period from ROMS were com-
pared with Sea Surface Height (SSH) derived from AVISO altimetry
data (product MADT – Monthly Absolute Dynamic Topography).
Model skill was calculated comparing modeled (Xmod) SST and
SSH with satellite data (Xsat) following Eq. (7). Maximum agree-
ment produces a skill value of one, whereas total disagreement re-
turns a skill of zero (Haidvogel et al., 2008). All data were
interpolated to the coarsest resolution for pairwise comparisons.
skill ¼ 1
P jXmod  Xsatj2P ðjXmod  Xsatj þ jXsat  XsatjÞ2
ð7Þ
Model behavior with depth was investigated by comparing in
situ and modeled results in TS diagrams from a coastal site. Finally,
vertical sections of temperature, salinity and meridional current
proﬁles were plotted to verify if the model correctly reproduced
seasonal variability.
IBM results used in the analyses are (per total number of re-
leased particles): (1) survival rate, calculated using the surviving
individuals after 45 days; (2) mortality rate due to lethal tempera-
ture and (3) loss by advection, using the number of individuals
transported to areas with depth below 200 m.with a, was used to
compare the two spawning strategies (RZR and RZP) were tested
(ANOVA, conﬁdence level of 0.05) for differences in the survival
rates due to changes in the spawning habitat. We also tested for
differences among the ﬁve spawning zones considered in the RZP
experiment, using the non-parametric Kruskall-Wallis test (Zar,
1999). For the examination of larvae spatial distribution, a kernel
density was implemented in ArcGIS 9.3, using the Spatial Anylist
toolbox. It was calculated according to Eq. (8), and the results were
compared with ﬁeld-collected data shown in Moraes et al. (2012).
ksðuÞ ¼ 1s2
Xn
i¼1
K
dðui;uÞ
s
 
ð8Þ
where n: number of events to be estimated. The events are the sur-
viving larvae after 45 days of experiment; u1, u2, . . . , un: location
(latitude, longitude) of the events observed; u: location (latitude,
longitude) of the event to be estimated; s: radius size containing
events; d: distance between u and the last (i) event to be estimated;
K: Gaussian Kernel function.
Results
Solutions of the ROMS model
Sea surface temperature
Seasonal (summer and winter) means of SST derived from
ROMS compare very well with the SST estimated from AVHRR data,
showing a good agreement with the position, shape and seasonal
variability of the main surface thermal structures that occur in
the SBB (Figs. 2 and 3). During the summer, surface waters over
the SBB have temperature values between 25 C and 27 C, while
during the winter these values range from 20 C to 23 C (Castro
and Miranda, 1998; Silveira et al., 2000). The Northern portion of
the SBB display the typical onshore-offshore SST gradient during
the summer, as an effect of the intensiﬁcation of the Cape Frio
upwelling (Campos et al., 2000). During the winter the horizontal
SST temperature gradient is mostly located in the southern portion,
as a result of the northward penetration of the Brazil Coastal Cur-
rent (BCC), transporting cold coastal waters northwards up to 25S
(Souza and Robinson, 2004) (Figs. 2A and 3A). The quantitative
agreement between model and satellite, presented skill values
greater than 0.9 for most of the domain, indicating the consistency
of the model results (Fig. 4A).
The main differences are found in the coastal region, especially
in the northeast portion of the SBB (latitudes 21S to 23S), be-
tween Cape Frio (RJ) and Vitoria (ES), as shown in the ROMS-
AVHRR SST difference maps, for the summer and winter (Figs. 2C
and 3C), and in the map of model skill. The SSTs associated with
coastal upwelling are lower in the model than in the satellite data,
particularly during the summer, when the upwelling events are
more frequent (model skill around 0.65). To further detail these
differences, horizontal proﬁles of SST for the northern (latitude
22S) and southern areas (latitude 29S) are shown in Fig. 5A and
B, respectively. Indeed, the larger differences are located close to
the shore in the northern proﬁle (between longitudes 41W and
42W) for the summer (1.5 C). Better agreement between model
and the satellite data are seen in the southern proﬁle, for both
summer and winter, with differences less than 1 C.
Sea surface height
The annual mean SSHmodeled with ROMS is in good agreement
with AVISO SSH’s (1993–2007), representing mesoscale processes
and the cross-shelf gradient (Fig. 6). ROMS SSH gradients are pre-
served, although values tend to be higher than the remote sensing
observations. The strong eddy-induced activity along SBB can be
noticed in the modeled data, especially in the Brazilian Current
(BC) domain, which is a well-known characteristic of this western
boundary circulation (Legeckis and Gordon, 1982; Lima et al.,
1996; Assireu et al., 2003; Souza and Robinson, 2004). In the south-
ern portion of the domain (between 27S and 30S), there is a bipo-
lar SSH structure in both observed and modeled ﬁelds: a sharp area
with higher SSH values, featuring an anticyclonic eddy and another
smoother area with lower SSH values, representing a cyclonic
eddy. The latter is described as quasi-stationary and called Santa
Marta Eddy (Assireu et al., 2003). The largest discrepancy between
ROMS and altimetry data is related to the magnitude of the SSH
values. The model clearly underestimate the SSH values, with dif-
ferences around 0.4 m compared to AVISO data. In Fig. 6A and B
different colorbar scales were used to allow visualization of the
mesoscale features described above. This difference is highlighted
by the model skill (Fig. 4B), it is possible to note that the skill val-
ues are mostly around 0.3, which represents a rough agreement in
the SSH values of these data.
Temperature-salinity diagrams
The main water masses found in the SBB during summer are
represented in the TS diagrams plotted for the Ubatuba bay
(23200S to 24300S latitude and 44W to 45300W longitude), as
compared with ﬁeld data collected on the same dates (Castro,
1996). The ROMS-simulated TS diagrams reproduced the interac-
tion of the water masses over the SBB and also captured the differ-
ences found between the years, as shown in the Fig. 7. The shape
and values of the modeled TS diagrams are quite similar to those
measured by Castro (1996). These results allow us to identify the
mixture of three water masses in the region, which is highlighted
by the triangular shape of the diagrams: the lower vertex, with
low temperatures and salinities, corresponds to the South Atlantic
Central Water (SACW); the maximum values of salinity with high
values of temperature correspond to the Tropical Water (TW);
and the salinity minimum, associated with high temperatures rep-
resents the Coastal Water (CW) (Castro et al., 1987). Except for the
1986 summer, the TS diagrams follow this triangular pattern, indi-
cating that there is an evident mixture among these three water
masses. As for the 1986 summer, a weaker inﬂuence of TW is
clearly shown, the interaction between SACW and CW is also
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Fig. 2. Seasonal mean (summer) SST (C) resulting from ROMS (A), extracted from AVHRR data (B) and the differences ROMS minus AVHRR (C).
Fig. 3. Seasonal mean (winter) SST (C) resulting from ROMS (A), extracted from AVHRR data (B) and the differences ROMS minus AVHRR (C).
Fig. 4. Model skill between ROMS and AVHRR SST data (A), from January 1982 to December 2007 and ROMS and AVISO SSH data (B), from January 1993 and December 2007.
42 D.F. Dias et al. / Progress in Oceanography 123 (2014) 38–53
weaker, possibly related with a reduced penetration of SACW over
the shelf (Castro, 1996).
Vertical sections of temperature, salinity and meridional velocities
The vertical sections of modeled mean water temperature,
salinity and meridional current velocities for the upper 2000 m of
the water column at 24S latitude (Fig. 8A–C) represent the main
water masses found in the SBB shelf and slope. There is a clear ver-
tical stratiﬁcation of temperature and salinity in the upper 200 m,
corresponding to the continental shelf, contrasting with offshore
waters, where these properties are almost constant. This shoaling
of isotherms and isohalines is related to SACW intrusion over the
SBB (Castro et al., 1987; Castro, 1996), with typical values for this
water mass, that is colder (T < 20 C) and less saline (S < 36.4)
(Miranda, 1982) than the TW of the BC. The CW with low salinity
and high temperature, and the TW, which has higher temperature
values (T > 20 C) and salinity (S > 36.4) are also well represented
by the model results. ROMS also represents the cold (3 C to 6 C)
Antarctic Intermediate Water (AIW) that ﬂows under the SACW.
The vertical sections of meridional velocities accurately reproduces
the surface and bottom circulation in the SBB, with surface BC
waters ﬂowing southwards, while bottom waters ﬂow equator-
ward within the AIW ﬂux (Boebel et al., 1999; Muller et al.,
1998; Stramma and England, 1999). The seasonal variability of
these properties was also reproduced by the model, as shown in
Fig. 8D–I, representing summer and winter vertical sections.
During winter, there is a weaker stratiﬁcation of isotherms and
isohalines over the SBB, as a consequence of the limited SACW
Fig. 5. Horizontal proﬁles of SST seasonal means, in Celsius degrees, resulting from ROMS and from AVHRR satellite observations, along latitudes 22S (A) and 29S (B).
Fig. 6. Annual mean of SSH ﬁeld, in meters, extracted from the AVISO dataset (A) and from the ROMS model (B). Note the difference in the scale of colorbar. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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intrusion in this season. Besides, there is an increase in the merid-
ional velocity towards the South in summer, as a result of the in-
creased BC intensity observed for this season (Silveira et al., 2000).
Biological model
This section is dedicated to the results of the Ichthyop model,
with emphasis on the comparison between ﬁeld-collected data
(Fig. 9) and the simulated spatial distribution of larvae (Figs. 10
and 11). Two spawning strategies are tested for larval survival
and the selective mortality sources. Finally, the interannual vari-
ability of larval survival and the inﬂuence of relevant physical pro-
cesses are reported.
Spatial distribution of larvae: observed vs simulated data
The larval dispersion based on the most probable spawning
sites, as presented in Gigliotti et al. (2010), was tested against a
random selection of spawning sites within the SBB. These experi-
ments, called RZP and RZR, respectively, produced similar scenar-
ios in terms of concentration and ﬁnal locations of individuals
(Figs. 10 and 11). In RZP, larvae tend to concentrate along the
southern half of the SBB, with the highest densities between Paran-
aguá (25300S) and North of Florianópolis Island (27S). In RZR sim-
ulations, the major aggregations are localized along the coast of
São Paulo State, especially to the South of São Sebastião Island
(24S). The simulations for January 1980 show that the location
of both RZR and RZP sardine larvae concentrations are quite simi-
lar, but larval survival in RZR was lower. Nevertheless, in both
experiments, the spatial distribution of surviving larvae was
mainly coastal and patchy, with the highest densities occurring
at depths shallower than 50 m.
Overall, major larvae aggregations in the observed data were lo-
cated in the south of the domain, especially between Paranaguá and
Florianopolis (see Fig. 9), and in the central portion of the SBB, south
of São Sebatião Island. This distributionpatternwas also reproduced
in the simulated data. Although the locations of the aggregations
were similar, the simulated data have a more coastal pattern than
the observed data. For example, in January 1991, the two major
aggregations reproduced in both experiments were shallower than
50 m, while in the observed data set these are located between the
50 m and 100 m depth. Besides, some aggregations reproduced in
the model experiments were not observed in the ﬁeld data, and
the maximum density values for some years did not match the
simulated and observed data. This can be seen in the January 1980
and 1988 maps, where the model reproduced two aggregations
not observed in the ﬁeld data. One near Grande Island (23.5S) and
another one South of Florianópolis Island (28S), for 1980. For
1988, two clusters along the northern and southern limits of the
domain, one nearby Cape Frio (22S) and another South of Cape
Santa Marta Grande (29S), respectively. It is indeed possible that
the dates used in our experiments do not accurately represent the
timing of the real spawning process captured by the ichthyoplank-
ton sampling. Therefore, inconsistencies between observation and
model results are likely to arise due to such a mismatch.
Spatial strategies of sardine spawning
Brazilian sardine spawning areas in the SBB have already been
reported in previous studies, based on egg presence in data
collected during research cruises (Gigliotti et al., 2010). To test
Fig. 7. TS diagrams resulting from ROMS (blue points) and from summertime (December) ﬁeld data from Castro (1996) in Ubatuba, São Paulo. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the ecological relevance of these spawning areas, an ANOVA test
was performed to detect differences in larval survival for eggs ran-
domly released along the coast (RZR experiment) and eggs released
in the potential spawning areas suggested by Gigliotti et al. (2010)
(RZP experiment). Results show that there is no signiﬁcant differ-
ence in the larval survival (p = 0.84) and in the mortality due to
temperature (p = 0.62) between these two spawning strategies,
while losses of larvae by advection (p = 0.03) are signiﬁcantly high-
er in the RZP simulations. The boxplots in Fig. 12A highlights this
pattern, showing an overlap of RZR and RZP boxplots relative to
survival and mortality due to temperature, indicating that there
is no difference between these strategies (for a = 0.05). As for losses
by advection, the notches do not overlap, which represents the dif-
ference between the strategies for this variable (Fig. 12A). How-
ever, looking at the standard deviations, it is possible to see that
the dispersion of values for RZR are larger (20.78%, 24.03% and
7.73% for survival, mortality due to temperature and losses by
advection, respectively) than for RZP (17.81%, 19.35% and 3.40%).
The survival of larvae in the interannual time scale is less
variable in the RZP spawning strategy, hence being more efﬁcient
than the random alternative. We tested (non-parametric Krusk-
all-Wallis) for differences among the ﬁve spawning areas of the
RZP experiment using all three variables. Results show that at least
one of the spawning areas presents difference in terms of survival
proportion of the larvae whose eggs were released in these areas
(survival, p = 0.004; mortality due to temperature, p = 0.007 and
loss by advection, p = 9.3e-05). A Tukey test revealed that the
RZP1 is signiﬁcantly different from the others, with less than 1%
of survival and mortality by temperature and over 99% for losses
by advection (Fig. 13). This suggests that this southern offshore
region is not a favorable spawning zone for sardine, as surface
circulation strongly advects most of the larvae to the south where
unsuitable conditions for development predominates.
Bearing this information in mind, a second ANOVA was per-
formed comparing RZR and RZP spawning strategies, but excluding
the RZP1 release zone (in the RZP experiment). Results show, again,
that survival and mortality due to temperature do not differ signif-
icantly (p = 0.26 and p = 0.94, respectively), while losses by advec-
tion present signiﬁcant differences (p = 0.001). However, the
medians of the survival proportions are considerably larger in
the RZP experiment (74.2% in RZP and 54.6% in RZR), with the max-
imum of 84% in RZP against 71% in RZR, and the minimum is 19%
against 14.5%, respectively (Fig. 12B). The proportions of losses
by advection are considerably smaller, with a maximum of 13%
Fig. 8. Vertical sections at latitude 24S of the annual mean from 1980 to 2007 for: water temperature (A, in C); salinity (B) and meridional current velocities (C, in ms1);
summer mean for water temperature (D); salinity (E) and meridional currents velocities (F); and winter mean for water temperature (G) salinity; (H) and meridional currents
velocities (I).
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Fig. 9. Larvae density (ind.m2) from samples collected in summer cruises coincident with the years simulated in the present study. Values are in logarithmic scale.
Fig. 10. Kernel density for the survival larvae after 45 days of simulation, for the six years indicated, in RZP experiment.
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in RZP against 30% in RZR, and minimum of 0.4% against 8.7%,
respectively.
Inﬂuence of interannual variability on larval survival
There are striking differences in larval survival rates among the
years, ranging from 14% to 70% (Fig. 14A and B). The mortality due
to lethal low temperature seems to play an important role in the
interannual variability of larval survival, and loss by advection
shows little variation from year to year (standard deviation = 7.7%
in RZR and 3.4% in RZP). The example of January 1981 shows that
the survival rates of 14.5% for RZR and 14% for RZP are far below
the average for the six years, ranging from 50.5% for RZR, and
48.2% for RZP. Otherwise, the mortality due to temperature
achieves very high values of 62.1% for RZR and 56.9% for RZP.
The largest discrepancies between the RZR and RZP experi-
ments occurred in January 1980, when mortality due to tempera-
ture RZR was 40.9% against 11.9% in RZP. This month has the
strongest negative anomalies of SST along most of the domain,
with the exception of the Cape Frio upwelling area that showed
strong positive anomaly values (Fig. 15). In the RZR experiment,
larvae are widely spread along the SBB, and a larger number of
individuals were subject to lower water temperatures. As for the
RZP, there is an aggregation of larvae in certain regions in 1980,
including areas with higher SST’s (RZP4 and RZP5), increasing the
Fig. 11. Kernel density for the survival larvae after 45 days of simulation, for the six years indicated, in RZR experiment.
Fig. 12. Boxplot for survival, mortality due to temperature and losses by advection, for the RZP and RZP experiments, considering the ﬁve spawning zoned in RZP (A) and
excluding the RZP1 spawning zone (B).
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chance of survival. Indeed, the mortality rates due to temperature
in RZP4 and RZP5 were lower than in RZP3.
Discussion
Performance and limitations of the models
The hydrodynamic model reproduced the main physical pro-
cesses active in the SBB and their seasonal variability, including
the presence of the BC, BCC, Cape Frio upwelling, SACW intrusion
and the interactions among the water masses. This was highlighted
in TS diagrams and in the vertical sections over the continental
shelf and slope. Besides, the mesoscale activity over the region
was also represented, with eddies and meanders along the BC seen
in both ROMS outputs, satellite and ﬁeld data.
The differences found in the comparison between satellite and
ROMS results may be related to the limitations of satellite mea-
surements near coast and to the approximations used to solve
the hydrodynamic equations. For SST, the main differences were
found in the coastal region, especially for summer in the northeast
portion of SBB, when the Cape Frio upwelling is generally more evi-
dent. Uncertainties in near-shore satellite measurements due to
cloud contamination are likely to be caused by the South Atlantic
Convergence Zone (SACZ), known to induce cloud formation where
the largest SST differences were detected (latitudes 21S and 23S),
especially during summer (Chaves and Nobre, 2004; De Almeida
et al., 2007). Besides, the AVHRR data used here (BSST) is con-
structed using spatial interpolation of the original daily images to
remove pixels contaminated by clouds. This process tends to re-
duce thermal contrasts and gradients, decreasing the detection
power of some oceanic features, such as eddies and meanders,
Fig. 13. Rates of survival (A), mortality due temperature (B) and losses by advection (C), for each release zone in the RZP experiment, for the six simulated years.
Fig. 14. Proportion of the total number of individuals that survived, died due to temperature, and losses by advection, in each simulated year for RZR experiment (A) and for
RZP experiment (B).
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and underestimating the spatiotemporal variability of SST ﬁelds
(Kilpatrick et al., 2001). Similar results using ROMS in upwelling
areas, were reported in recent studies for the continental shelf of
south-central Chile (Parada et al., 2012; Yannicelli et al., 2012)
and for Brazil’s near-shore area between the latitudes 16S and
22S (Silva et al., 2009). These studies suggest that the SSTs mod-
eled with ROMS are more efﬁcient in reproducing the mesoscale
phenomena than satellite-interpolated SST estimates, especially
in the near-shore region, where the cloud contamination tend to
be high. For SSH, the main differences are related to the underesti-
mation of SSH values by the model. This bias is probably related to
the thermal expansion of the water column (steric effect), present
in SSH altimeter observations, but absent from ROMS because of
the Boussinesq approximation, that captures only its spatial struc-
ture (Bouffard et al., 2008). Despite these limitations, the model re-
sults reproduced quite well the physical characteristics of SBB, as
already detailed. This increases our conﬁdence in using ROMS for
this Brazilian sardine ichthyoplankton study.
Regarding the biological model solutions and their comparison
with ﬁeld data, the locations ofmost larvae aggregations were quite
similar, but some differences were found. The model results have a
more coastal pattern than the in situ data and some aggregations
produced by the model were not observed in the ﬁeld data. Similar
disagreements have already been reported in investigations using
ROMS and Ichthyop for the transport and retention of eggs and lar-
vae of small pelagic ﬁshes (Brochier et al., 2008a; Parada et al., 2012;
Soto-Mendoza et al., 2012). These differences can be related to the
lack of knowledge about the biological characteristics of the species,
such as predation and feeding. As predation was not considered in
the IBM, all larvae retained in the coast remains alive, which is not
an entirely correct assumption. Nevertheless, to include predation
in model simulations is not simple task, potential predators display
a high level of mobility, resulting that their distribution and behav-
ior are not driven by hydrodynamics characteristics (Miller, 2007).
Another important factor that must be considered when these
comparisons are performed concerns the scales in which ﬁeld data
are collected. The scales of aggregation for sardine and anchovy
rarely exceed 30 km (Curtis, 2004; Maynou et al., 2008) and specif-
ically for the Brazilian sardine, these scales are estimated between 3
and 10 km (Spach, 1990), while in situ sampling scales are about 40
to 50 km (Moraes et al., 2012). Therefore, part of the ichthyoplank-
ton aggregation/dispersion dynamics is possibly not captured by
the cruise’s sampling. All these sources of uncertainty are also likely
tobehavedifferently, if one changes thenumberof releasedparticles
by, say, one order of magnitude but tackling this issue is beyond the
scope of the present work.
Fig. 15. ROMS SST anomalies for January of the years analyzed. The anomalies were calculated with the difference between the SST mean of the month and the climatological
mean.
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Spatial strategies of sardine spawning
The spawning strategy based on selected spawning habitats
(RZP experiment) presents, on average, higher simulated survival
rates than the random strategy (RZR experiment). This suggests
that the spawning aggregation of adults may improve the survival
rate of juveniles by avoiding unsuitable sites. The tendency of
aggregation in adult populations of small pelagic ﬁshes during
the spawning period is a well known process. Bellier et al. (2007)
show that the Sardina pilchardus egg distribution in the Bay of Bis-
cay (France) occurs in small patches along the coast. This distribu-
tion can change over the years, being directly dependent on
mesoscale processes, such as coastal upwelling and eddies. These
small pelagic ﬁsh aggregations may represent the history of suc-
cessive spawning events of the population (Le-Fur and Simon,
2009). For the Brazilian sardine, Moraes et al. (2012) showed that
the aggregation of eggs tends to occur within medium (50–
100 km) and local (<50 km) spatial scales.
The location of spawning areas as well as the initial time of
spawning are critical for ﬁsh survival in their ﬁrst life stages
(Wootton, 1990; Shannon et al., 1996). The experiments reported
here suggest that the release zone RZP1 is not a suitable place
for spawning due to the strong tendency for larvae to be advected
to unsuitable areas (Fig. 13A and C). It is possible that the high con-
centration of sardine eggs found in this area is itself the result of
the strong advection that transported eggs spawned elsewhere.
For the remaining four zones, those located in the central and
southern portions of the SBB (RZP2 and RZP3) presented the
highest survival rates over the years (Fig. 13A), with RZP3 showing
survival rates always higher than 35%. Mortality caused by low
temperature is higher in the northernmost sites RZP4 and RZP5
(Fig. 13B), possibly as a result of the frequent coastal upwelling
and the entrainment of the older water from the SACW. Model re-
sults showed, for some years, that the northern portions of the SBB
(zones RZP4 and RZP5) presented survival rates lower than 1%. This
suggests that the south and central portions of the SBB are the
most suitable areas for spawning habitats for the Brazilian sardine.
In fact, previous studies indicate that the wider continental shelf in
this region provides a more stable environment for spawning
(Lopes et al., 2006; Matsuura, 1998; Gigliotti et al., 2010; Moraes
et al., 2012). Moreover, maps of egg distribution from ﬁeld data
(see Fig. 16) show that January 1980 was the only year where
the highest egg concentrations were found in the Northern part
of the SBB. This coincides with the month in which the highest po-
sitive SST anomalies were found for this area (Fig. 15), due to
weaker coastal upwelling.
The modeled survival rates for the tested spawning strategies,
and the evidences reported elsewhere lead us to conclude that Bra-
zilian sardine is capable of exploring the most suitable spawning
areas over the SBB, as suggested by recent studies (Gigliotti et al.,
2010; Moraes et al., 2012). This seems to be strongly modulated
by the interannual variability of the oceanographic conditions.
Physical characteristics of SBB and their relation to survival of larvae
The thermodynamical characteristics over the SBB exerts a
direct inﬂuence on larval retention and hence their survival. A
number of studies have suggested that the suitability of spawning
Fig. 16. Interannual variability of egg abundance collected in the ﬁeld. Adapted from Gigliotti et al. (2010).
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habitats for the Brazilian sardine results from the interplay of sev-
eral environmental and biological factors. Although primary pro-
duction and food availability are enhanced by the intrusion of
enriched waters over the continental shelf (SACW), the entrain-
ment of colder water in the inner shelf can contribute to larval
death by lethal low temperature. This possibly has a more limiting
impact on larval survival than the enhancement of the environ-
ment’s stability that increases larvae retention (Bakun and Parrish,
1990; Jablonski and Legey, 2004). Furthermore, the interaction be-
tween oceanic and atmospheric processes, such as wind-induced
Ekman transport responsible for intense mixture in the ﬁrst layers
of the water column, has a direct inﬂuence on the spatial structure
of the spawning habitat (Soares et al., 2011).
The effects of three important physical characteristics on
spawning process were tested: the water temperature, the Cape
Frio upwelling and the hydrodynamic pattern in the region. Water
temperature, as discussed before, inﬂuence larval survival and the
interannual variability of the Brazilian sardine spawning process.
This is a limiting factor for egg and larva survival of small pelagic
ﬁshes such as Engralius encrasicolus in Southern Africa (Parada
and Van der Lingen, 2003) and Sprattus sprattus in the North Sea
(Daewel et al., 2008). In these cases, temperature directly affected
growth and food availability, and therefore larval survival. The
highest temperature-induced mortality rates of the Brazilian sar-
dine larvae occurs when eggs are spawned in the northern release
zones RZP4 and RZP5. These zones are mostly affected by the Cape
Fig. 17. Superﬁcial circulation pattern resulting from ROMS model over central-southern SBB, between Sao Sebastiao Island (24S) and Paranagua (26S), for the period of
simulations.
D.F. Dias et al. / Progress in Oceanography 123 (2014) 38–53 51
Frio upwelling, which is more intense during the spawning season
(Matsuura, 1998). When mortality rates were lower (January 1980
and 1988), positive SST anomalies were found, suggesting a weak-
enedupwelling.When SST anomalies near the Cape Frio regionwere
negative, mortality rates due to temperature were highest (>80%).
This leads us to conclude that the Cape Frio upwelling plays an
important role in the modulation of the Brazilian sardine spawning
zones over the SBB. Indeed, the upwelling effect can induce the con-
ﬁnement of the sardine spawning zones to the central and southern
portions of the SBB (Moraes et al., 2012), not simply by the temper-
ature effect but also because of the offshore transport associated to
the wind-induced upwelling (Soares et al., 2011). Many species of
small pelagic ﬁsh in upwelling systems tend to spawn between au-
tumn and winter, when the environmental conditions, especially
thewind direction and intensity, aremore favorable for egg and lar-
vae retention. Thiswas reported for Engraulis ringens in the northern
HumboltCurrent, inPeru (Lett et al., 2007;Brochier et al., 2008a) and
in the Central-SouthernChile continental shelf (Soto-Mendoza et al.,
2012); for Engraulis anchoita in the SouthernBrazil Continental Shelf
(Vaz et al., 2007) and for Engraulis encrasicolus in the Canary Islands
(Brochier et al., 2008b). TheBrazilian sardine, in turn, has thehighest
reproductive activity between spring and summer, with maxima in
December and January (Saccardo andRossi-Wongtchowski, 1991). A
quasi-permanent cyclonic cell between São Sebastião and Paranag-
uá (24S to26S) also contributes to larval retention (compareFig. 17
with Figs. 10 and 11). This advective pattern had not yet been re-
ported as a possible cause for Brazilian sardine larvae retention in
the central and southern portion of the SBB. In January 1981 this cir-
culation cell was less intense resulting in an increased southward
transport of larvae and higher mortality due to temperature.
We contend that the Brazilian sardine conﬁnement in the SBB is
mainly the result of local surface circulation during the spawning
season. Local circulation makes the central and southern portions
of the SBB the most suitable spawning sites. By using an IBM to-
gether with a hydrodynamical model, we conﬁrmed these hypoth-
eses. The conﬁned nature of the Brazilian sardine is mainly related
to surface circulation and SST, The predominant current direction
in the region is to the SW however, if larvae are transported to
the southern limit or offshore of the SBB, survival decreases due
to low SST. Given that the Brazilian sardine is a conﬁned popula-
tion, it is of paramount importance that suitable habitats are avail-
able for the spawning stock so that it can adjust to the observed
interannual variability.
Conclusion
This study aimed at investigating the relations between the sur-
vival of Brazilian sardine larvae and the physical characteristics of
the environment using a biophysical modeling approach. Three
important physical characteristics of SBB were investigated: water
temperature, the Cape Frio upwelling and surface hydrodynamics
of the region The wind-induced upwelling tends to transport indi-
viduals tounsuitable areas and increase larvalmortality.Water tem-
perature has a direct inﬂuence on larval survival and interannual
variability of the available spawning habitat. The Cape Frio upwell-
ing plays an important role in the spatial structuring of Brazilian sar-
dine spawning areas. It tends to limit the spawning habitat to the
central and southern portion of the SBB, where surface hydrody-
namics contribute to larvae retention. These are possibly the most
suitable locations for the spawning habitat of the Brazilian sardine.
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